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A quantum fluid passing an obstacle behaves differently from a classical one. When
the flow is slow enough, the quantum gas enters a superfluid regime and neither
whirlpools nor waves form around the obstacle. For higher flow velocities, it has
been predicted that the perturbation induced by the defect gives rise to the turbulent
emission of quantised vortices and to the nucleation of solitons. Using an interacting
Bose gas of exciton-polaritons in a semiconductor microcavity, we report the transition
from superfluidity to the hydrodynamic formation of oblique dark solitons and vortex
streets in the wake of a potential barrier. The direct observation of these topological
excitations provides key information on the mechanisms of superflow and shows the
potential of polariton condensates for quantum turbulence studies.
Superfluidity is the remarkable property of flow with-
out friction (1). It is characterised by the absence of
excitations when the fluid hits a localised static obstacle
at flow speeds vflow below some critical velocity vc. For
small potential barriers, the critical velocity is given by
the Landau criterion as the minimum of ω(k)/k , with
ω(k) being the dispersion of elementary excitations in
the fluid. In the case of dilute Bose-Einstein condensates
(BECs), vc corresponds to cs, the speed of sound of the
quantum gas. For supersonic flows (vflow > cs), small
obstacles induce dissipation (drag) via the emission of
sound waves (2, 3).
When the barrier is big, larger than the fluids heal-
ing length the minimum distance induced by particle in-
teractions for changes in the density of the condensate,
the density modulations caused by the barrier can gen-
erate topological excitations, such as vortices and soli-
tons. These quantum hydrodynamic effects have been
predicted to reduce the critical velocity (4, 5).
Despite the amount of theoretical work (4-6), a lim-
ited number of experimental studies have addressed hy-
drodynamic features in atomic condensates through the
observation of the break up of superfluidity at fluid ve-
locities lower than the speed of sound (7, 8). Solitons in
a quasi-one dimensional geometry (9) and the nucleation
of vortex pairs in an oblate BEC have been reported (10,
11). Far from the hydrodynamic regime, formation of
vortices and solitons has been shown by engineering the
density and phase profile of the atomic condensate (12,
13), or by the collision of two condensates (14).
Polariton superfluids appear promising in view of
quantitative studies of quantum hydrodynamics. Polari-
tons are two-dimensional composite bosons arising from
the strong coupling between quantum well excitons and
photons confined in a monolithic semiconductor micro-
cavity. They possess an extremely small mass mpol on
the order of 10−8 that of hydrogen, which allows for
their Bose-Einstein condensation at temperatures rang-
ing from few kelvins (15) up to room temperature (16).
All parameters of the system such as the flow velocity,
density, and shape and strength of the potential barriers
can be finely tuned with the use of just one (3) or two
(17) resonant lasers, and by sample (18) or light induced
engineering (19). A crucial advantage with respect to
atomic condensates is the possibility of fully reconstruct-
ing both the density and the phase pattern of the polari-
ton condensate from the properties of the emitted light
(20). This has been exploited in the recent observations
of macroscopic coherence and long range order (15, 18,
21), quantised vortices (20), superfluid flow past and ob-
stacle (3, 17, 22) and persistent superfluid currents (23).
Here we use a polariton condensate to reveal quantum
hydrodynamic features, whereby dark solitons and vor-
tices are generated in the wake of a potential barrier. Fol-
lowing a recent theoretical proposal (24), we investigate
different regimes at different flow speeds and densities,
ranging from superfluidity to the turbulent emission of
trains of vortices, and the formation of pairs of oblique
dark solitons of high stability. For spatially large enough
barriers, soliton quadruplets are also observed.
Our experiments are performed in an In-
GaAs/GaAs/AlGaAs microcavity at 10 K (25). We
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Figure 1. (A) Real space emission showing a soliton doublet nucleated in the wake of a photonic defect located at the origin.
(B) Horizontal profiles at different downflow distances from the defect ∆y. Arrows indicate the soliton position. (C) Interference
between the emitted intensity and a constant phase reference beam, showing phase jumps along the solitons (dashed lines).
The curved shaped of the fringes and the decreasing interfringe distance arise from the geometry of the reference beam. (D)
Soliton depth (black dots) and phase jump obtained from (C) (full triangles; see Fig. 8), showing a strong correlation. Open
triangles: soliton depth obtained from the measured phase jump and Eq. 1.
excite the system with a continuous wave single mode
laser quasi-resonant with the lower polariton branch at
an angle of incidence θ, resulting in the injection of a
polariton fluid with a well defined in plane wavevector
(3) (k = k0 sin(θ), where k0 is the wavevector of the
excitation laser field) and velocity vflow = k~/mpol. The
speed of sound of the fluid cs is related to the polariton
density |ψ|2 via the relationship cs =
√
~g |ψ|2 /mpol
(22) , where g is the polariton-polariton interaction
constant.
Figure 1A shows the image of a polariton fluid with
k = 0.73 µm−1 and vflow = 1.7 µm/ps, created with a
Gaussian excitation spot of 30 µm in diameter. The res-
onant pump is centred slightly upstream from a photonic
defect of 4.5 µm present in the microcavity, in order not
to lock the phase of the flowing condensate past the de-
fect. Two oblique dark solitons with a width of 3− 5 µm
are spontaneously generated in the wake of the barrier
created by the defect, and propagate within the polari-
ton fluid in a straight line (Fig. 1B).
An unambiguous characteristic of solitons in BECs is
the phase jump across the soliton (12, 13, 26). In order
to reveal the phase variations in the polariton quantum
fluid we make the emission from the condensate inter-
fere with a reference beam of homogeneous phase, with
a given angle between the two beams (20). The result
(Fig. 1C) shows a phase jump of up to pi (half an in-
terference period) as a discontinuity in the interference
maxima along the soliton.
The one-dimensional soliton relationships obtained
from the solution of the Gross-Pitaevskii equation (13,
26) can be extended to two-dimensions to relate the soli-
ton velocity vs in the reference frame of the fluid, the
phase jump δ, and depth ns with respect to the polari-
ton density n away from the soliton:
cos
(
δ
2
)
=
(
1− ns
n
)1/2
=
vs
cs
(1)
In our geometry, a soliton standing in a straight
line in the laboratory frame implies a constant vs =
310 mm 
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Figure 2. (A) Real space emission obtained from the solution
of the non-equilibrium Gross-Pitaevskii equation for the pa-
rameters of the experiment depicted in Fig. 1. (B) Normalized
real part of the polariton wavefunction, showing a phase jump
(dark dashed lines) along the solitons (white dotted lines).
vflow sin(α), where α is defined in Fig. 1A. As the soli-
ton becomes darker (ns approaching n) the phase jump
saturates at δ = pi. Indeed, the solitons remain quite
deep up to the first 40 µm of trajectory (Fig. 1D), with
a corresponding phase jump close to, but smaller than
pi. At longer distances, the depth decreases along with
the phase jump. Open triangles in Fig. 1D show the
ratio ns/n as obtained from the measured phase jump
and Eq. 1. This confirms that the soliton relationships,
which were derived for condensates without dissipation
(26) are applicable locally to the case of polaritons under
cw pumping, where the polariton density is stationary
in time. Note that the polariton density continuously
decreases downstream from the barrier due to the finite
polariton lifetime. This results in a decrease of the speed
of sound (from cs = 3.5 ± 1 µm/ps at ∆y = 14 µm, to
cs = 1.2 ± 0.5 µm/ps at ∆y = 50 µm, see (25) for the
estimation of cs), which compensates the expected accel-
eration of the soliton when it becomes less deep (smaller
ns/n in Eq. 1). As a consequence, the solitons present
an almost rectilinear shape.
Simulations based on the Gross-Pitaevskii equation
with pumping and decay (25) according to the model de-
scribed in (24) for the experimental parameters of Fig. 1
show the nucleation of a pair of solitons (Fig. 2A) with
its associated phase jump (Fig. 2B). The model confirms
that dark solitons nucleate hydrodynamically due to the
gradient of flow speeds occurring around the potential
barrier, which result in density variations on the order
of the healing length. Once the soliton is formed, the
repulsive interparticle interactions stabilize its shape as
it propagates (6, 27-29). In contrast, no stable soliton
was observed at low excitation density when polariton-
polariton interactions are negligible (see Fig. 7).
Other hydrodynamic regimes can be explored by vary-
ing the mean polariton density (i.e., the speed of sound)
for a fixed flow speed, as shown in Fig. 3. Here, polari-
tons move slower than in Fig. 1 (vflow = 0.79 µm/ps,
k = 0.34 µm−1), and due to their limited lifetime they
cannot propagate far away from the excitation spot. For
this reason, we have designed an excitation spot with the
shape of half a Gaussian, with an abrupt intensity cut
off (see Fig. 5). Below the red line in Fig. 3A-C, only
polaritons propagating away from the pumped area are
present, and their phase is not imposed by the resonant
pump beam.
Figure 3A shows the polariton flow at subsonic speeds
(vflow = 0.25c¯s, where the bar indicates the mean speed
of sound), at high excitation density. The condensate is
in the superfluid regime as evidenced from the absence
of density modulations in the fluid hitting the barrier
and from the homogeneous phase (Fig. 3D), showing a
high value of the zero time first order coherence (25),
g(1) (Fig. 3G). When the excitation density and, corre-
spondingly, the sound speed is decreased to vflow = 0.4c¯s
(Fig. 3B), the fluid enters into a regime of turbulence
characterised by the appearance of two low density chan-
nels in the wake created by the barrier, with extended
phase dislocations (Fig. 3E). We interpret this regime
as corresponding to the continuous emission of pairs of
quantised vortices and antivortices moving through those
channels (4-6, 24). Although a direct observation of the
phase singularity of the emitted vortices is not possible
under time integrated CW experiments, the effects of the
vortex flow are clearly seen when looking at g(1). Fig-
ure 3H shows a trace of low degree of coherence along
each channel, due to the continuous passage of individual
vortices. Finally, if the density is further decreased, we
observe the formation of oblique dark solitons (Fig. 3C;
vflow = 0.6c¯s), with the characteristic phase jump along
their trajectory (Fig. 3F), and a constant value of g(1)
close to 1 (Fig. 3I).
The three regimes depicted in Fig. 3 have been an-
ticipated by the non-equilibrium Gross-Pitaevskii model
(24). We report a break up of the superfluid regime at
vflow ∼ 0.4c¯s, a value consistent with predictions for the
onset of drag in the presence of large circular barriers (4,
5). Our observations show that solitons in the polariton
fluid can be stable down to subsonic speeds. This is in
contrast to calculations for atomic condensates, in which
oblique dark solitons are predicted to be stable only at
supersonic speeds (6, 27). Since our non-equilibrium sim-
ulations (Fig. 2) reproduce the observed nucleation at
subsonic speeds, we infer that the additional damping in
the polariton system arising from the finite lifetime is re-
sponsible for the stabilization of the soliton at subsonic
speeds.
Finally, we have explored the possibility of going be-
yond the generation of soliton doublets by using a large
circular potential barrier (6). Figure 4A shows a polari-
ton flow at low momentum (k = 0.2 µm−1) injected in a
Gaussian spot slightly above the obstacle, which nucle-
ates a soliton doublet. If the momentum of the flow is
increased above a certain value, the strong density mis-
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Figure 3. (A)-(C) Real space images of the polariton gas flowing downward at different excitation densities in the presence of
a double defect (total width: 15 µm). The gas is injected above the red line (25). At high density (A) (117 mW), the fluid is
subsonic (vflow = 0.25c¯s) and flows in a superfluid fashion around the defect. At lower densities (B) (36 mW; vflow = 0.4c¯s), a
turbulent pattern appears in the wake of the defect eventually giving rise to the formation of two oblique dark solitons (C) (27
mW; vflow = 0.6c¯s). (D)-(F) Interferograms corresponding to (A)-(C), respectively. (G)-(I) Show the corresponding degree of
first order coherence (g(1), see (25)).
match before and after the defect is able to generate a
soliton quadruplet (Fig. 4B, k = 1.1 µm−1). In prin-
ciple, it should be possible to access even higher order
solitons by increasing both the obstacle size and the ra-
tio vflow/cs.
Our results demonstrate the potential of polariton su-
perfluids for experimental studies of quantum hydrody-
namics. Both the velocity and the density of the quan-
tum fluid can be finely controlled by optical means, and
simultaneous access to the condensate density, phase and
coherence is available from the emitted light. These fea-
tures have been essential in the reported observation of
hydrodynamic generation of oblique solitons in the wake
of potential barriers, and offer the opportunity to probe
more complex phenomena like Andreev reflections (30),
nucleation and trapping of vortex lattices (24), and quan-
tum turbulence (31).
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6MATERIALS AND METHODS
Sample description
Our sample is a 3λ/2 GaAs cavity with three
In0.05Ga0.95As quantum wells resulting in a Rabi split-
ting of 5.1 meV , and a polariton lifetime of about 15 ps.
The top/bottom distributed Bragg reflectors forming the
cavity have 21/24 pairs of GaAs/AlGaAs alternating lay-
ers with an optical thickness of λ/4, λ being the wave-
length of the energy of the confined cavity mode. All
our experiments are performed at zero exciton-cavity de-
tuning, with a continuous wave single mode laser quasi-
resonant with the lower polariton branch.
The sample has been grown by molecular beam epi-
taxy. During the growth of the distributed Bragg reflec-
tors, the slight lattice mismatch between the materials of
each layer results in an accumulated stress which relaxes
in the form of structural defects. These photonic defects
form a very high potential barrier in the polariton energy
landscape.
Confocal excitation scheme
The data reported in Fig. 3 have been taken making
use of the confocal excitation scheme represented in Fig.
5. The laser is focalised in an intermediate plane where
a mask is placed in order to hide the upper part of the
Gaussian spot on that plane. Then, an image of the in-
termediate plane is done on the sample, producing a spot
with the shape of a half Gaussian (the profile is depicted
in the inset of Fig. 5). Polaritons are resonantly injected
in the microcavity with a well-defined wavevector, in the
region above the red line in the figure. In these condi-
tions, polaritons move out of the excitation spot with a
free phase, not imposed by the pump beam. This is essen-
tial for the observation of hydrodynamic effects involving
topological excitations with phase discontinuities.
Estimation of the sound speed
The average sound speeds reported in the main
manuscript have been obtained from the measured soli-
ton speed vs and phase jump δ, with the use of Eq. 1
(cos(δ/2) = vs/cs). In Figs. 1 and 3 we have estimated
the sound speed in the soliton regime (Fig. 1a, 1c and
Fig. 3c, 3f) in the region below the potential barrier,
where the hydrodynamic effects are observed. We have
taken as the soliton speed vs = vflow sin(α) , where 2α
is the angle of aperture of the soliton pair, and vflow is
obtained from the injected polariton wavevector and the
measured polariton mass via vflow = k~/mpol.
In the case of Fig. 3, the sound speed is estimated
from the phase jump at half the total propagation dis-
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Figure 5. Excitation setup used for the experiments reported
in Fig. 3. The intermediate mask creates a spot on the sample
with the shape of a half Gaussian (the inset shows a y cross-
section of the spot).
tance in the soliton regime (Fig. 3c, 3f). In order to
obtain the sound speed for other two excitation densities
(panels a,b,d,e,g,h), we use the measured polariton den-
sity relative to the soliton case (c,f) and the sound speed
relation cs =
√
~g |ψ|2 /mpol. Note that the sound speed
is proportional to the square root of the density |ψ|2.
In order to confirm that this relationship is consistent
with our results, we proceed in the same way for the data
plotted in Fig. 1. In this case we take the sound speed
obtained from the phase jump along the right soliton.
The sound speed decays as the fluid is further away from
the excitation area. The result is shown in black dots in
Fig. 6. Additionally, we measure the decay of the density
on the edges of the soliton along the soliton line. In Fig. 6
we plot in green triangles the magnitude cs = A
√
(I)
, where I is the emitted intensity (proportional to the
polariton density) and A is a fitting constant. The figure
shows that the decay of the sound speed obtained from
both the phase jump and the measured density follow the
same trend.
These results justify our method to obtain the sound
speed in the superfluid and vortex emission regimes (Fig.
3a,b) from the measured sound speed in the soliton
regime (Fig. 3c, obtained from the phase jump) and the
relative polariton density.
Degree of first order coherence
The degree of first order coherence, g(1), is defined as:
g(1)(r1, r2, t, τ) =
〈
ψ† (r1, t)ψ (r2, t+ τ)
〉√〈
|ψ (r1, t)|2
〉〈
|ψ (r2, t+ τ)|2
〉
(2)
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Figure 6. Sound speed estimation for the data of Fig. 1.
Black dots show the sound speed obtained from the phase
jump and Eq. 1 along the soliton trajectory. Green triangles
show the fit from the measured square root of the emitted
intensity (proportional to the polariton density). The dashed
line shows the fluid speed.).
In our cw experiments in stationary conditions, g(1)
is independent of t. In order to measure g(1)(τ = 0),
we direct the emitted light from the polariton conden-
sate, which contains all the coherence information of the
wavefunction, into a modified Mach-Zehnder interferom-
eter. The interference image is obtained from the com-
position of the real space emitted field with coordinate
r1, and a reference beam issued from the enlarging of a
small area of the emission with a fixed position r2 with a
well defined spatial phase. By varying the length of the
reference beam arm by up to two wavelengths around
zero delay, we measure the visibility of the fringes of the
interferometric image, giving direct access to the time av-
eraged real space degree of coherence of the condensate
wavefunction ψ (r1, t) with respect to a coherent refer-
ence ψ (r2, t).
Gross-Piteavskii equation
Figure 2 shows simulations based on the solution of
a generalized non-equilibrium Gross-Pitaevskii equation
describing the polariton condensate subject to interparti-
cle interactions. In the basis of the confined exciton and
photon wavefunctions it has the form:
where,
where, x is a two-dimensional spatial vector, ψX(C) is
the exciton (cavity photon) wavefunction, Fp, kp and ~ωp
are, respectively, the amplitude, momentum and energy
of the pump field. The k-dependent energy of the exci-
tons (cavity photons) is described by ~ωX(C), γX(C) is
the decay rate of the excitons (cavity photons), with a
value of 16 ps, 2~ΩR is the vacuum Rabi splitting be-
tween the polariton modes (5.1 meV), VC (x) is the pho-
tonic potential barrier, g the exciton-exciton interaction
constant, taken to be 0.01 meV µm2. x0 indicates the
position of the centre of the Gaussian spot on the sample,
while δX is its radial width. In the simulations shown in
Fig. 2, kp = 0.73 µm
−1 and the pump energy is detuned
from the lower polariton branch at that kp by 0.2 meV .
The defect is simulated as a rectangle of 5× 3 µm and a
height of 80 meV .
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Figure 7. (A) Real space emission showing oblique dark soli-
tons at high excitation density (85 mW ), and (B) the cor-
responding interference pattern showing the phase slip along
the soliton trajectory (reproduced from Fig. 1A and C). (C
and D) Real space emission and corresponding interference
pattern at low excitation density (10 mW ). In this case,
polariton-polariton interactions are negligible and solitons are
neither formed nor sustained in the fluid. The parabolic wave
patterns observed in (C) arise from the interference between
the injected polaritons and those elastically scattered by the
defect. The interference pattern (D) does not show phase
jumps as those associated to solitons.
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